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INTRODUCTION
Ever since the famous paper of Oliver and Pharr [1] , indentation techniques have re-gained a very prominent role in material characterization, by extending their application to smaller and smaller scales, and coining a new term for these developments: nanoindentation. Originally applied to materials such as fused silica, soda-lime glass, or single crystals of aluminum, tungsten, quartz, and sapphire, the method was, soon thereafter, extended to biological materials such as bone [2] [3] [4] [5] [6] . These applications were motivated, according to Rho et al. [2] , by the wish to measure the "intrinsic" elastic properties of several of the microstructural components of bone. In this context, "intrinsic" refers to the properties of bone tissue or extracellular bone matrix, which is defined at the scale of several to several tens of microns; rather than to those of a macroscopic (typically millimeter-sized) sample of cortical or trabecular bone. The aforementioned references revealed important new insight into these "intrinsic" bone properties. On the one hand, this insight concerned heterogeneity of bone tissue properties at different 695 (small) observation scales; e.g. it was found that the bone tissue elastic properties of vertebrae are much smaller than those of tibiae; that tibial osteonal regions are softer than interstitial ones [2] ; and that human femoral trabecular bone tissue is softer than cortical bone tissue [4] . On the other hand, such tests revealed that bone tissue properties are, on average, independent of adult tissue age [6] [7] [8] [9] ; and also that bone tissue behaves not only instantaneously elastic, but also in a delayed fashion, i.e. viscoelastically; and that the latter properties depend critically on the hydration state of the material [10] .
Hence, while the method was very successful in terms of evidencing local differences in varying aspects of material behavior (exactly as the pioneers of the method had actually hoped for), the reconciliation of the quantitative values it provided with those of other methods delivering elastic properties, such as ultrasonic and quasi-static mechanical testing, turned out as challenging: In more detail, applying ultrasonic signals in the MHz frequency regime to bone samples results in the propagation of waves the wavelengths of which are typically less than one millimeter [11] [12] [13] ; and according to the separation of scales principle in continuum (micro-) mechanics [14, 15] and the continuum theory of elastic waves [16] , the aforementioned wavelengths need to be much larger than the characteristic material volume (also called representative volume element) whose elastic properties are characterized by the ultrasonic waves [17] . Accordingly, MHz-regime-related ultrasonic tests reveal the elastic properties at the bone tissue scale (i.e. that of a material volume with several microns characteristic length), averaged over the size of the ultrasonically tested sample [18, 19] .
However, such ultrasonically determined elastic stiffness values are, as a rule, consistently larger than those obtained (on average) from nanoindentation campaigns [20] . Additionally, the same discrepancy was very recently found in the context of unloading mechanical tests on SEM-FIB-produced micro-pillars [21] , again delivering results in line with ultrasonic tests, but stiffer than those obtained from nanoindentation.
This discrepancy motivates the present study, aiming at an improved nanoindentation protocol that may indeed deliver results which are consistent with the aforementioned wellestablished and well-understood methods for elasticity determination, namely ultrasonic tests and unloading mechanical tests. Our proposition is that the aforementioned discrepancy may stem from bone micro-cracks measuring several to several tens of micrometers [22] [23] [24] [25] , which may be -to some extent -initially present close to the indentation sites, but may be also actively induced by the indentation process itself. The basis for this proposition is that bone tissue is known to behave plastically at the level of several microns, as revealed by nanoindentation test imprints studied in the context of plasticity theory for nanogranular materials [26] , by advanced micromechanics theories validated through various biochemical and biomechanical experiments [27] , and by mechanical tests of single micrometer-sized micro-pillars [21, 28] ; while it shows a quasi-brittle behavior at the scale of tens to hundreds of micrometers [29] .
Accordingly, we here target at distinguishing tests conducted sufficiently far from microcracks and not inducing any neighbouring cracking events, hence fulfilling more appropriately the conditions needed for nanoindentation evaluation as proposed by Oliver and Pharr in 1992, from tests triggering such events or conducted close to micro-cracks. Therefore, we take inspiration from the so-called statistical or grid nanoindentation technique developed in the late 2000s [30] [31] [32] , where a statistical evaluation of very many indentation results allows for assignment of subgroups of these results to different chemical material phases present in a highly micro-heterogeneous material; and basically extend this idea from purely chemical differences between phases, to different degrees of mechanical damage present in the phases, or in other 696 words, to indents differently close to crack-type defects. Thereby, our interest focuses exclusively on the one undamaged phase, and on its elastic properties.
The corresponding experimental and data evaluation steps are given in greater detail in the Materials and Methods section, and the corresponding results for the elasticity of the undamaged phase are then compared to tests giving direct access to this elasticity, namely to micro-pillar tests, and to ultrasonic tests in combination with advanced micromechanical theories [33] . This comparison is further discussed in the Discussion section, which concludes the paper.
MATERIALS AND METHODS

Sample preparation
A diamond saw (Isomet, Buehler, USA) was used to cut four plane-parallel cortical bone samples normal to the longitudinal bone axis, under constant distilled water irrigation. These samples, obtained from an 18-month old bovine femur, had a thickness of 3.5 mm, and measured roughly 10x12 mm in the two other directions. They were glued onto glass slides and polished with a polishing machine (PM5, Logitech, Scotland), in order to provide smooth, i.e. lowroughness, surfaces. Thereby, the polishing machine was operated in the "sweeping arm" modethe polishing paper underwent a rotational movement, while the sample holder with the sample was not only rotating, but also translating -with 10 sweeps/minute. Between the preparation steps, the samples were kept in a freezer at -20 degrees C, in order to preserve their mechanical properties [34] [35] [36] .
In the first polishing step, all four samples were polished with coarse polishing paper (particle size 18.3 µm) for 3 minutes, in order to ensure that the top of each sample is completely parallel to the bottom, and an even surface without any tilt is provided. In the second polishing step the samples were finely polished, according to a previously published protocol [37] , with a napped cloth impregnated with 1 µm, high performance, polycrystalline diamond spray (DPSpray P), for different amounts of time (see Table I for details), so as to achieve a minimized roughness. In fact, the use of only one size of diamond particles for longer periods of time (rather than different sizes used over shorter times) increased the repeatability of the procedure until sample finishing. Differently long polished sample surfaces were compared, both visually in a light microscope (Zeiss Imager Z1m), and by means of scanning probe microscopy in the course of surface roughness measurements, as described in the next section. 697
Roughness determination
The roughnesses of Sample 1 (120 minutes of 1 µm polishing) and of Sample 4 (300 minutes of 1 µm polishing) were measured by means of the scanning probe microscopy (SPM) mode of a TriboIndenter system (Hysitron Inc., Minneapolis, MN, USA). This resulted in two topographic images measuring 15×15 µm 2 , with approximately 60 nm pixel size. The root-mean-squared average roughness (RMS) of the surface, , was calculated as (1) where P denotes the number of pixels along the edges of the scanned area, and is the distance height at position ( ) from the mean plane of the scanned surface [37] .
Nanoindentation
In order to check the undamaged elasticity of cortical bovine bone, nanoindentation tests were performed on the four prepared samples, using a Berkovich diamond tip attached to a TriboIndenter nanoindenting system (Hysitron Inc., Minneapolis, MN, USA). According to a previously published protocol for bone testing [38] , a maximum indentation depth of 250 nm was presecribed, at a rate of 40 nm/s, then fixed for 20 s, before the substrate was again fully unloaded, at the same displacement rate. On each sample a grid of 12x12 indents with 5 µm spacing was defined, resulting in altogether 576 indentations. The measurements were evaluated according to the method of Oliver and Pharr [1] , where the reduced modulus results from the initial slope of the unloading portion in the load-displacement diagram, according to (2) In Eq. (2), stands for the projected area of the elastic indentation contact. Then, gives access to the elastic modulus of the substrate (here the extracellular bone tissue) , (3) based on knowledge of Poisson's ratio of the extracellular bone matrix, = 0.3 [39] , as well as of the Poisson ratio and the elastic modulus of the diamond indenter tip, amounting to = 0.07 and = 1141 GPa. The = 576 test results for the value of the elastic modulus , , were evaluated considering the potential (initial or penetration-induced) presence of micro-cracks close to the performed indents, effecting the values obtained from Eq. (2)-(3), which are actually resting on half-space theory for homogeneous (crack-free) solid domains. In order to 698 discriminate "damaged" from "non-damaged" halfspaces characterized by nanoindentation, the concept of statistical or grid nanoindentation [30, 31, 40] was adopted and modified, in the line of Kariem et al. [41] : The data for the values of E s were fitted by Gaussian Cumulative Distribution Functions (CDFs) with weighting factors , , out of which only one represented the intact, undamaged material; namely the one with the largest mean value. The latter is considered as the (average) elastic modulus of undamaged (extracellular) bone tissue. All other Gaussian CDFs represent material damaged to varying extents. This fitting process was repeated for several numbers of phases, and it can be written in mathematical detail as follows: Each one of the Gaussian CDFs is written in standard form as (4) The weighted sum of these distributions is then (5) Next, the CDF representing the (sorted) experimental data from nanoindentation, , is constructed according to The minimization procedure (7) was realized by means of an evolutionary algorithm that started with a set of approximated CDF parameters (mean , standard deviation and weighting factor ), and, through several so-called "mutation cycles", converged towards the optimal parameters and , which, for a chosen number of phases, provide the minimum given in Eq. (7). The algorithm was stopped based on a criterion involving the coefficient of determination, reading as:
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The chosen criterion was inspired by the deliberations of Weicker [42] , and reads as:
AND (9) with as the number of mutation cycles; i.e. once the attained coefficient of determination is larger than 0.98 and different by not more than 0.00009 from those attained in the last 1000 mutations, then the algorithm is stopped. In order to finally select the optimal number of Gaussian CDFs, = , for each superposition of Gaussian cumulative distribution functions, the relative error between experimental and model CDF was determined according to (10) with and as the maximum and minimum values of the Young modulus obtained from nanoindentation tests, respectively, their difference representing the total range of experimental values, while the integral on the right hand side of the equation represents the difference between the specific values of the model CDF (based on Gaussians) and of the experimental CDFs. The number of Gaussian distributions that best fit the experimental data was chosen to be that which resulted in the minimum relative error . The corresponding mean value is regarded as the undamaged bone tissue modulus, .
RESULTS
Microscopic surface investigation and roughness measurements
The initial, coarse polishing of the specimens mainly resulted in milling off enough material so as to correct a potential tilt of the sample; this left scratch-type traces on the surface, and reduced the sample thickness by approximately 0.5 mm. Subsequent polishing with the 1 µm diamond suspension clearly revealed, under light microscopic magnifications, the finer bone microstructures, see Figure 1a and b; all bone samples exhibited a transitional state between plexiform (lamellar) and haversian (osteonal) bone structures, common for young growing beef: stacks of long, parallel lamellae separated by vascular spaces, with osteons in between [43, 44] . No optical differences between samples subjected to different polishing times could be found, see Figure 1a and 1b for a comparison of the surfaces of Samples 1 and 4, polished with 1 µm diamond suspension for 120 and for 300 min, respectively.
The roughness measurements delivered an average RMS roughness of 11.61 nm for Sample 1, and of 9.12 nm for Sample 4. These results confirm that the different polishing times did not result in significantly different RMS roughnesses of the respective samples. In fact, the maximum indentation depth (250 nm) was more than one order of magnitude larger than the average roughness, thus ensuring that the latter does not influence the results of the 700 nanoindentation tests [45] . The SPM-detected surface topography of Sample 1 with visible indentation marks is shown in Figure 1c. a.
b.
c. 
Undamaged elastic modulus of bovine bone
A typical load-displacement curve for undamaged bone material is shown in Figure 2 . According to the optimization procedure given by Eq. (4)- (10), all = 576 experimentally determined elastic modulus data were fitted with a number of distributions varying from 1 to 10. The best fit, that minimized the relative error between the experimental and the summed model CDF, as given through Eq. (10), to 0.62% (see Table II) , was obtained for = 5 Gaussian distributions, of which four are considered to represent 701 damaged material phases, and one corresponds to the intact material; the mean value of the elastic modulus of the latter being the highest of all and thus representing the Young modulus of the undamaged, intact bovine bone material: This modulus amounts to = 31.4±2.5 GPa.
Figure 2.
Typical load-displacement curve of non-damaged extracellular bovine bone matrix, delivering, according to Eq. (2) and (3), an elastic modulus of = 30.53 GPa at 250 nm maximal displacement The experimental, as well as the single and summed Gaussian probability distribution functions (or normalized histograms) corresponding to the CDFs of the elastic modulus are shown in Figure 3 . 
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DISCUSSION
We here presented a new method for identification of the undamaged elastic modulus of a solid phase within a (partially) micro-cracked medium tested through nanoindentation. Therefore, very many indents were performed on bovine bone samples, and the corresponding histogram of elastic moduli was represented in terms of the weighted sum of Gaussian distribution functions. This representation turned out as very precise, so that the different Gaussians could be interpreted as reflecting the elastic behavior of differently stiff material phases: the stiffest of which would be the undamaged matrix phase, the others referring to different levels of mechanical damage. It is interesting to compare our result for the undamaged phase, = 31.4±2.5 GPa, to independent, alternative experimental results concerning extracellular bovine bone matrix. In fact, on the very same type of bone, unloading quasi-static tests on SEM-FIB-produced micro-pillars with only one micron side length and a couple of micrometers height [21] revealed a strikingly similar value, amounting to 29.9±2 GPa.
Furthermore, our results can be compared to the predictions of advanced micromechanical material modeling of bone [33] : Feeding the composition and hierarchical interaction rules documented in the aforementioned paper with the bone tissue mass density reported as 2.044±0.43 g/cc [12] , yields an axial Young's modulus of bone tissue amounting to 30.1 GPa, again in virtually perfect agreement with the outcome of our new experimental method. Coincidently, this micromechanics model predicts the corresponding axial Poisson's ratio as 0.30; fully confirming the choice used in the second section of the present paper [39] .
Finally, the underlying idea of micro-cracks, either positioned at different distances from the indents (and therefore affecting the result stemming from Oliver and Pharr's half-space problem), or directly emanating from the indents, indicating direct sample damaging by the very indentation process itself, can be checked through observation of indentation processes in a 703 scanning electron microscope (SEM). A preliminary small number of tests done exactly under these conditions reveal indeed the existence of the aforementioned types of cracks, see Figure 4 . 
